Genetic generalized epilepsy (GGE), formerly known as idiopathic generalized epilepsy, is the most common form of epilepsy and is thought to have predominant genetic etiology. GGE are clinically characterized by absence, myoclonic, or generalized tonic-clonic seizures with electroencephalographic pattern of bilateral, synchronous, and symmetrical spike-and-wave discharges. Despite their strong heritability, the genetic basis of generalized epilepsies remains largely elusive. Nevertheless, recent advances in genetic technology have led to the identification of numerous genes and genomic defects in various types of epilepsies in the past few years. In the present study, we performed whole-exome sequencing in a family with GGE consistent with the diagnosis of eyelid myoclonia with absences. We found a nonsense variant (c.196C4T/p.(Arg66*)) in RORB, which encodes the beta retinoid-related orphan nuclear receptor (RORβ), in four affected family members. In addition, two de novo variants (c.218T4C/p.(Leu73Pro); c.1249_1251delACG/p.(Thr417del)) were identified in sporadic patients by trio-based exome sequencing. We also found two de novo deletions in patients with behavioral and cognitive impairment and epilepsy: a 52-kb microdeletion involving exons 5-10 of RORB and a larger 9q21-microdeletion. Furthermore, we identified a patient with intellectual disability and a balanced translocation where one breakpoint truncates RORB and refined the phenotype of a recently reported patient with RORB deletion. Our data support the role of RORB gene variants/CNVs in neurodevelopmental disorders including epilepsy, and especially in generalized epilepsies with predominant absence seizures.
INTRODUCTION
Epilepsy is one of the most frequent neurological disorders, affecting up to 4% of people during their lifetime. In recent years, significant progress has been made in the identification of genetic defects underlying various epileptic syndromes. 1 The search for the numerous as-yet unidentified genetic defects in human epilepsy remains an important task. 2 Genetic generalized epilepsies (GGEs), formerly known as idiopathic generalized epilepsy, represent the most common form of epilepsies and have a predominantly genetic etiology. 3, 4 GGEs are clinically characterized by the occurrence either as unique seizure 1 types or in various combinations of absence, myoclonic, and generalized tonic-clonic seizures (GTCS) with electroencephalographic (EEG) pattern of bilateral, synchronous, and symmetrical spike-and-wave or polyspike-and-wave discharges. Photosensitivity, an abnormal cortical response to intermittent photic stimulation (IPS) that manifests as spikes or spike-and-wave discharges on the EEG, is typically associated with GGE. 5 The genetic determinants underlying common epilepsies, for which pedigree data suggest complex inheritance and incomplete penetrance, remain largely unknown. Recent access to powerful technologies and approaches such as array comparative genomic hybridization (aCGH) and next-generation sequencing, allowing individual whole-exome (WES) or whole-genome sequencing, has facilitated the identification of part of the genetic factors underlying these disorders. In recent genome-wide studies, rare recurrent copy number variants (CNVs) that are important risk factors for other neuropsychiatric disorders were present in about 4% of the generalized epilepsies. [6] [7] [8] Several single cases with non-recurrent deletions have also been reported in otherwise common epilepsies accounting for up to 5% of patients studied. The genes located within these CNVs deserve further study given that they are potential candidates for susceptibility to GGE. 9, 10 In this study, we used a WES approach in a family with several individuals affected with photosensitive GGE. This led to the identification of an inherited nonsense variant in the RORB gene, which encodes the retinoid-related nuclear receptor ROR-beta. Family-based exome sequencing in two sporadic patients with generalized epilepsy and intellectual disability (ID) led to the identification of two de novo RORB sequence variants. Moreover, two CNVs and a de novo balanced reciprocal translocation were detected by interrogation of current databases/projects for potentially pathogenic genomic events encompassing this gene.
SUBJECTS AND METHODS Patients
We performed exome sequencing in a large non-consanguineous French family (Figure 1a) , which was first reported 420 years ago 11 ; through a network of collaborating geneticists and epileptologists, we recruited two additional sporadic patients (patients AG1 and RO1) with trio-based exome sequencing identifying de novo mutations. By consultation of the aCGH database of Lyon and Geneva and the Breakpoint mapping consortium, we identified three unrelated female patients: a 25-year-old woman (Case no. 9A1117, Lyon, France), a 9-year-old girl (Case no. GE0705, Geneva, Switzerland) both carrying de novo microdeletions including RORB; and a 10-year-old girl (DK8393) with a de novo balanced reciprocal translocation seq[GRch37]t(9;19)(q21;q12)dn. We also added detailed clinical data on a previously reported patient with childhood absence epilepsy (EC-CAE300), who was revisited during this study. 8 Finally, a follow-up cohort of 100 patients with GGE was screened with Sanger sequencing.
Experiments were conducted in accordance with the Declaration of Helsinki, and all procedures were carried out with the adequate understanding and written consent of the subjects or their parents or legal guardians in the case of minors or those with ID and according to the appropriate ethical committees (no. CPP 09/40 -no. AC-2008-438/no. DC-2009-1002, France; University of Washington, USA; Austin Health, Melbourne, Australia; H-KF-2006-5901, Denmark; University of Kiel A115/02 and A 116/02, Germany; no. 13/50/508; University of Antwerp, Belgium).
Whole-exome sequencing
Genomic DNA was captured using Agilent in-solution enrichment methodology (SureSelect Human All Exon, Agilent, Santa Clara, CA, USA) with the appropriate biotinylated oligonucleotides probe library (Human All Exon v4 +UTR-70 Mb, Agilent). Enriched DNA samples were sequenced on an Illumina HiSEQ 2000 as paired-end 75-bp reads (Illumina, San Diego, CA, USA). Image analysis and base calling was performed using Illumina Real Time Analysis pipeline version 1.12.4.2 with default settings. 12, 13 Both sporadic patients with de novo mutations were sequenced as previously described. 14 
Sanger sequencing and targeted sequencing in additional cohorts of patients
Coding exons and intronic boundaries of RORB (NM_006914.3) were PCR-amplified from genomic DNAs, purified, and sequenced using the Big-dye terminator Cycle Sequencing Kit v1.1 and a 3130 × l genetic analyzer (Applied Biosystems, Foster City, CA, USA). Sequences were analyzed using the Seqscape software (Applied Biosystems) and compared with the RORB GenBank reference sequence (NM_006914.3) ( Table 1) .
In addition, RORB was sequenced in probands with GGE from 18 single cases from Australia, using Molecular Inversion Probes (MIPs: Integragen DNA Technologies, Coralville, IA, USA). 15 
Mate-pair sequencing
Mate-pair sequencing on a HiSeq2500 (Illumina) (2 × 100 bp) and detection of discordant breakpoint spanning reads were performed essentially as described. 16 For amplification and Sanger sequencing of the breakpoints to sequence level, the forward and reverse primer pairs F1_der9 5′-TGACCAC ATTGCAAACCATT-3′; R2_der9 5′-TTGTTTGTGGGCAAATTTCA-3′ and R1_der19 5′-AATACACTTTATGTGGATGTGT-3′; F2_der19 5′-CGTGGA AGCCTCCTCAGATA-3′ were used to define the chromosomes 9 and 19 breakpoints.
aCGH and fluorescent in situ hybridization (FISH)
Patients' DNA was extracted with the QIAmpDNA Blood Midikit or the DNeasy Blood and Tissue Kit (Qiagen, Courtaboeuf, France). Oligonucleotide aCGH was performed on DNA extracted from lymphocytes with an 180 000 oligonucleotide microarray (Sure Print G3 Human 4 × 180k CGH Microarray Kit, Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocol. Control DNA consisted of three other DNAs according to the loop model except in the case of GE0705, whereas reference DNA was the human control female DNA from Promega (Promega, Madison, WI, USA). 17 For patient 9A1117, array-CGH results were completed by FISH using commercial centromeric probe (D9Z1) or subtelomeric probe (9pter), according to the manufacturer's instructions (Cytocell, Cambridge, UK). BAC clone (RP11-404E6 in 9q21.3) was labeled with TRITC by nick translation and hybridized as previously described. 18 
Online links
All variants from this study are submitted in publicly funded database.
http 
RESULTS
Four patients from family 1 had GGE (patients 4, 13, 14, and 20, Figure 1a ). Onset occurred between 3 and 9 years of age. All patients underwent prolonged video-EEG polygraphic recordings, including IPS. They had typical absence seizures and rare GTCS. EEGs showed generalized polyspikes followed by typical 3-Hz spike-and-wave absence seizure with loss of consciousness, ocular elevation, eyelid myoclonia, and neck and shoulder myoclonia of limited amplitude, mostly triggered by IPS at eye closure. For all four patients, the Table S1 ). aCGH, performed in patient 13, did not show any chromosomal imbalance. We found 53 variants, located in coding regions or splice site, shared by the three patients who were studied by WES (4, 13, and 20) (Supplementary Table S2 ). Among these, 10 were not found in databases of control individuals, including ExAC. Of the remaining 43 variants, there was a single-nucleotide alteration, located in exon 3 of the RORB gene leading to a nonsense variant (c.196C4T/p. (Arg66*)) that was confirmed in patient 4 by Sanger sequencing (Figure 1b ). This variant was also present in patient 14, who had GGE, and in patient 10, who only had isolated high-amplitude spike during IPS at the time of EEG recording but whose seizure state could not be confirmed. Patient 23, who also carried the variant, denied EEG investigations. Three family members (11, 15 , and 21) who had isolated PPR during IPS did not carry the variant. None of the other potentially pathogenic variants found by WES were shared by all four affected individuals. In addition, none of the variants of potential interest identified by WES that were common to the four family members with PPR (4, 13, 20, 21) were found in the remaining family members with PPR (10, 11, 14, 15, and 23) by Sanger sequencing. Further details are in the Supplementary Table S2 . The RORB variant led to the N-terminal truncation of the two beta retinoidrelated orphan nuclear receptor (RORβ) isoforms (RORβ1, Genbank NP_008845: p.(Arg66*); RORβ2, Genbank Q92753: p.(Arg77*)) ( Figure 1c) . The variant was also detected in the reversely transcribed RORB mRNA transcripts extracted from lymphoblastoid cell lines of patients 4 and 13, indicating the absence of nonsense-mediated mRNA decay (Figure 1d, Supplementary Figures S1A and B) . Constructs for the expression of RORβ fusion wild-type or mutant proteins were then transfected in COS-7 cells. The wild-type protein was detected in the nucleus as expected; in contrast, no mutant protein was detected in the nucleoplasm (Supplementary Figures S1C-H) , which, together with the loss of important functional domains of RORB (Figure 1c ), was consistent with the loss-of-function effect. The BRCA2 frameshift variant (NM_00005) c.9699_9702delTATG (p.Cys3233Trpfs*15), which was found in patients 4, 13, and 20, can be considered an incidental finding. 19 Patients with de novo mutations involving RORB Patient AG1. This girl was the child of unrelated parents. She had a positive family history for febrile seizures, which were present in patient's brother, father, and paternal uncle.
She had her first seizure at the age of 3 years in the setting of fever. After the initial presentation, she continued to have febrile and afebrile GTCS until the age of 5 years, when seizures were eventually controlled on medication. She was initially treated with valproic acid, which was switched to carbamazepine owing to lack of seizure control.
She had an unremarkable early development until the age of 15 months, when her development plateaued and regressed in social and language domains. She subsequently developed prominent stereotypies, compulsive behaviors, and aggression. She had episodes of rapid behavioral cycling with disruptive behavior and pica and was given the diagnosis of autism spectrum disorder at the age of 2 years. For behavioral issues, she was treated with clonidine and risperidone. On formal neuropsychological testing, she was found to have moderateto-severe ID.
Diagnostic trio-based exome sequencing was performed and a de novo c.218T4C(p.Leu73Pro) mutation was identified. This mutation was predicted to interfere with DNA binding of the RORB protein (Supplementary Figure S2A) .
Patient RO1. This boy was the first child of non-consanguineous Caucasian parents. Seizures started at the age of 4 months with brief bilateral clonic movements or the arms and legs and fixed gaze. At the age of 1 year, the seizure type changed to daily brief tonic seizures, which then transitioned into clonic-atonic seizures, resulting in frequent falls. He also had atypical absences. He was treated with valproic acid, levetiracetam, lamotrigine, topiramate, clobazam, clonazepam, and rufinamide without effect on the seizure burden.
Development was unremarkable until the age of 10 months, when his development slowed. At the age of 4 years, he was found to be at the level of a 2-year-old child (developmental quotient of 50%) and was diagnosed with severe ID.
He was found to have a de novo c.1249_1251delACG (p.Thr417del) in-frame deletion, which was predicted to interfere with proper RORB cofactor binding potentially resulting in a disruption to DNA ligand binding (Supplementary Figure S2C) .
Screening of additional cohorts of patients
We did not find any additional DNA variation or CNV involving RORB in 100 probands from French and Australian families with GGE (Table 1) .
Patients with de novo microdeletions and balanced translocation involving RORB Case no. 9A1117. This 25-year-old woman was the first child of healthy unrelated parents. Her younger sister was healthy. A maternal uncle and two of her first cousins had GTCS in adulthood. Neonatal history and motor development were normal. At age 3 years, speech delay and learning difficulties were apparent. She went to a special school. Cognitive evaluation by WISC-III, at age 5.5 years, confirmed mild intellectual impairment. Between the ages of 5.5 and 6 years, she experienced three bilateral clonic seizures during febrile episodes. Interictal EEG recording showed normal background rhythm and bilateral centrotemporal spikes. She was treated with Carbamazepine, Valproate, Ethosuximide, and Vigabatrin. At age 10 years, EEG recording revealed typical 3-Hz spike and wave absence seizures, characterized by complete impairment of consciousness and oral or limb automatisms, and was activated by hyperventilation. She was not photosensitive. Clobazam replaced Vigabatrin because of its potentially aggravating effect. A 24-h ambulatory EEG recording demonstrated persistent absence seizures, lasting 6-10 s and interictal generalized spike or poly spike waves, lasting 0.5-3 s. At age 13 years, three tonicclonic seizures occurred on awakening, precipitated by sleep deprivation. In the following year, four more convulsive seizures occurred, starting with absences or absence status with eyeball elevation.
Standard karyotype on 50 mitoses revealed a complex mosaic chromosomes imbalances composed of a small supernumerary ring marker chromosome in 25 mitoses (50%), a derivative chromosome 9 from a t(9;21) translocation in one mitose (2%), and a normal 46,XX population in 24 mitoses (48%): mos 47,XX,+r [20] /46,XX, − 21,+der (9)t(9;21) [5] /46,XX [25] . In addition, aCGH analysis revealed a homogeneous 8.5-Mb deletion of the long arm of chromosome 9 (chr9:g.70984481_79549501del), containing 47 genes including RORB and a mosaic gain involving the whole short arm of chromosome 9 ( Figure 2a) . FISH analysis confirmed the homogeneous 9q13q21.13 deletion with the RP11-404E6 BAC clone. It also showed an isochromosome 9p in 7% of cells, the derivative 9 der(9)t(9;21) in 8% of cells and a small supernumerary ring chromosome 9, mainly composed of heterochromatin in 23% of cells (Figure 3 ). All these rearrangements were absent in the parents' blood samples.
Case no. GE0705. This 10-year-old female patient was the second child of healthy unrelated parents. There was no family history of seizures. She presented with brief absence seizures at the age of 4 years 9 months. EEG recordings showed absence seizures lasting 5-10 s, occasionally with eyelid myoclonia, and triggered by IPS. Ethosuximide was efficacious but poorly tolerated. The treatment was changed to sodium valproate, which was not effective, then to Lamotrigine and Levitiracetam, which had greater efficacy although seizures persisted. At the age of 10 years, she presented with her first nocturnal GTCS. A nocturnal EEG was performed that displayed significant worsening with multiple generalized 3-Hz discharges, most often without clinical manifestation, occurring in the wake and sleep state. She is currently on Lamotrigine and Levetiracetam and a ketogenic diet has just been started. She displayed global developmental delay with early learning difficulties and predominant speech impairment. At the age of 9 years, her IQ was o50.
Array-CGH analysis showed a homogeneous 52-kb microdeletion of exons 5-10 of RORB (chr9:g.77261322_77313598del) (Figure 2b ). This heterozygous deletion was confirmed by qPCR (Supplementary Figure S4) .
Case no. DK8393. This 10 year-old female was the first child of healthy non-consanguineous parents. There was no family history of seizures. The patient was seen for neuropediatric evaluation at 8 months of age because of delayed motor development and poor eye contact. Examination showed hypermobility and general hypotonia.
At age 3.5 years, the patient was tested by Bayley III and Vineland Adaptive Behavior Scales and found to have moderate ID and infantile autism. She has attended care and school for children with special needs since the age of 4 years.
She currently has severely delayed language development using single words, sounds, and pictures for communication.
aCGH analysis was normal. Conventional cytogenetic analysis revealed a de novo balanced reciprocal translocation, t(9;19)(q21;q12) dn. The breakpoints were mapped by mate-pair sequencing: out of the 34 071 005 read pairs passing the alignment score, 19 discordant matepair reads defined the breakpoints to chr9:g.77174312_77175018 (hg19), within the first intron of RORB (Figures 4a and b) , and chr19: g.31139347_31139735, truncating transcript ENST00000592773, distal to the annotated part of ZNF536. Sanger sequencing refined the breakpoints to chr19: g.31139486_31139488, with a single nucleotide (T) deletion (nt 31139487), and to chr9: g.77174984, with two small duplications of chr9:77174985-77174991 and chr9:77174993-77174996 (Figure 4c) Case EC-CAE300. This patient is the child of non-consanguineous Caucasian parents. GTCS started at the age of 2-3 years. He was initially started on valproic acid, which controlled the seizures and could be weaned in the interim. At the age of 13 years, nocturnal GTCS recurred and valproate was started again. Valproic acid monotherapy eventually led to good seizure control at the time of the last visit at the age of 28 years. In addition to the GTCS, he had absence seizures during childhood. He has some behavioral problems with aggressive features and is known to 'act out'. Affymetrix SNP 6.0 array showed a microdeletion removing exon 1 (Figure 2c ) of RORB gene (chr9:g.76601085_77182821del), which was validated with an in-house developed technique for Multiplex Amplicon Quantification. The variant was not present in the patient's mother. Paternal DNA was not available for testing.
Structural modelling of the de novo RORB mutations Both the Leu73Pro (p.L73P) and Thr417del (p.T417del) variants were found to potentially affect the DNA and ligand-binding domains of RORβ (Supplementary Figures S2A and B) . The Leu73Pro variant introduces a radically different backbone atom arrangement resulting in severe steric constraints on the DNA-binding domain (Supplementary Figure S2B) . The Thr417del alteration occurs within a ligand-binding amphipathic helix near the coactivator-binding site (Supplementary Figure S2B) . Thr417del participates in stabilization of the tertiary structure by interacting with Glu312 (E312: Supplementary Figure S2C ) on an adjacent helix. Loss of a residue within the helix would cause a shift in the hydrophobic/hydrophilic register, likely resulting in it becoming more destabilized.
DISCUSSION
In this study, we report both familial and de novo variation in the RORB gene, which encodes RORβ. Our study implicates RORB as a novel genetic etiology for neurodevelopmental disorders with a strong predilection for generalized epilepsies with absence seizures. We present the first family with an inherited nonsense variant (c.196C4T/p.(Arg66*)) in the RORB gene in the four family members with photosensitive GGE and in two additional family members: patient 10 who had an as-yet uncharacterized episode of absence-like discharge on EEG but whose seizure state could not be confirmed and patient 23 with probable GGE (narrated by his sister) but who denied EEG investigations. Neither this nor any other truncating RORB variant has been reported to date in databases of control individuals, that is, the EVS, the ExAC database, and the 1000genomes database. One control individual (NSV 517655) among 2026 healthy individuals is reported in DGV with a RORB microdeletion, 20 but detailed phenotype of this individual is not available. Taken together, our data strongly suggest that RORB variation leading to haploinsufficiency is virtually absent in control populations and that mutations or deletions involving RORB are associated with a range of neurodevelopmental phenotypes.
The identification of the truncating RORB mutation in the initial family led us to interrogate various exome and CNV databases for additional patients with de novo mutations and microdeletion involving RORB. We identified two additional patients with microdeletions involving RORB through an in-house CNV database at the University of Lyon (9A1117) and Geneva Hospital (GE0705). We obtained detailed phenotypic information on a previously reported patient (EC-CAE300). 8 The common phenotypic features of both patients identified through the Lyon and Geneva database were absences and ID. Patient 9A117 has a very complex cytogenetic profile including, in addition to the homogeneous deletion involving RORB, abnormal chromosomes in mosaic state. A participation of these chromosomal imbalances to the phenotype cannot be excluded. However, their role may have been limited since the patient has a clinical presentation very similar to the RORB mutations in epilepsy G Rudolf et al other patients, with no additional birth defect. This is probably due to low mosaic rates.
We also identified a patient (DK8393) with a seq[GRch37]t(9;19) (q21;q12)dn balanced translocation with a breakpoint disrupting the RORB gene in intron 1, removing the first coding exon (Figure 4) , and the highly conserved RORB promoter (Supplementary Figure S3) . In contrast to most other patients with pathogenic variations in RORB, the patient did not have seizures but presented with autism and severe disruption of her sleep cycle. We believe that this patient demonstrates the variability of the RORB phenotypes that can be observed in patients.
Furthermore, we identified two patients with de novo RORB mutations affecting the DNA ligand-binding domain, which were predicted to abolish RORB function. In addition to the epilepsy phenotypes that included fever-associated seizures and myoclonic seizures in infancy, both patients shared a common developmental profile with early normal development followed by slowing and plateauing leading to severe ID in late infancy. This feature was not observed in patients with deletions or truncating mutations in RORB and may indicate a more severe effect of these mutations, affecting the DNA-binding region, than haploinsufficiency alone. This observation may be validated if further patients with de novo RORB mutations are identified.
We and others [21] [22] [23] have identified de novo 9q21 microdeletions including RORB in patients with epilepsy of variable semiology. Of the 16 patients with 9q21 deletions reported in the literature, all patients have mild-to-moderate ID and speech delay, and a subset of patients had behavioral abnormality (9/16) and epilepsy (14/16). Our data strongly implicate that RORB is one of the potentially causative genes in this region.
We were struck by the high frequency of generalized epilepsies and particularly absence seizures in patients with RORB microdeletions. Data from the present study could sustain this hypothesis, showing that RORB is a strong candidate involved in absence epilepsy spectrum. In humans, genetic association of RORB with bipolar disorder and cognitive functioning has been suggested. 24, 25 Mild-tomoderate neurocognitive and behavioral abnormalities mentioned in all patients with RORB dysfunction support that RORB may play a key role in neurocognitive processes.
RORB encodes the RORβ, a ligand-dependent transcription factor. RORβ has important neurodevelopmental functions. It participates in the development of the retina and in the control of circadian rhythms. 26 RORβ is involved in neurogenesis and is mainly expressed in murine cerebral cortex 27 and is also involved in the guidance of thalamocortical axons, which is of relevant interest given the role of the thalamocortical circuitry in the generation of absence seizures. 28, 29 It should be noted that homozygous Rorb knockout mice exhibit retinal degeneration, modified circadian activity, less anxiety-related behavior, and ataxia but unprovoked seizure was not reported so far. 30, 31 Such a possible divergence has already been observed for many other genes involved in neurodevelopmental disorders and is representative of the complexity of the human CNS, insufficiently modeled in rodents.
In various sizes involving the RORB gene may give rise to RORB haploinsuffiency, resulting in a common phenotypic signature that involves ID and generalized epilepsy, frequently including absences. Our findings suggest that dysfunction of RORβ and related pathways may result in neuronal hyperexcitability, highlighting a novel pathophysiological mechanism for seizure susceptibility. 
A G C T A T T C A G A A A A T G C C A A G A G A A T T G G A G C A T T T G T T T C C T C

CONFLICT OF INTEREST
